Resonance Raman spectra of hemoglobin and cytochrome c in dilute solution contain prominent bands that exhibit inverse polarization, i.e., the polarization vector of the incident radiation is rotated through 90' for 90' scattering, giving infinite depolarization ratios.
Recently, we have obtained resonance Raman spectra of hemoglobin (1) and of cytochrome c (2a), using laser excitation at frequencies within the visible absorption envelopes of these heme proteins. Good quality spectra were obtained at protein concentrations ranging from 10-' to 10-' M. They exhibit a rich pattern of bands from 600 to 1700 cm-', arising from vibrational modes of the heme chromophores. Distinctive changes are observed, especially in relative intensities, as a result of changes in oxidation state or in the state of ligation. Resonance Raman spectroscopy offers promise as a structural probe for these and other heme proteins.
In addition to strong resonance enhancement, the spectra we have obtained display a very unusual feature from the perspective of normal Raman spectroscopy. Several of the most prominent bands exhibit inverse polarization, i.e., for these bands the light scattered at 900 is found to be polarized perpendicular to the polarization of the incident light when the incident light polarization is perpendicular to the scattering direction. The depolarization ratio Pi = IjIl1 is infinity, or close to it. Of the remaining bands, almost all are depolarized (Pl = 3/4). Polarized bands (p, < 3/4) are weak or absent. This is in sharp contrast to the situation obtained for normal Raman spectra, and for previously reported resonance Raman spectra, in which the most prominent bands are polarized.
The phenomenon of inverse-scattering polarization for an assembly of randomly oriented molecules was predicted on theoretical grounds nearly 40 years ago by Placzek (2) . It requires that the scattering tensor be antisymmetric. The scattering tensor may become asymmetric as the exciting radiation approaches resonance with an electronic transition of the molecule. We believe that the spectra reported here contain the first experimental detection of this effect.
The polarization data can be used to assign the symmetry species of the vibrational bands, and there is then an excellent correlation with assignments for free-base porphyrins that are available from polarized fluorescence spectra (3) (4) (5) . These assignments, together with the dependence of Raman intensity on the wavelength of the exciting radiation, make it apparent that we are dealing with the molecular vibrations that are vibronically active in the electronic absorption spectrum of the heme proteins, and provide experimental support for the vibronic theory of Raman intensities, developed by Oxyhemoglobin was prepared from human whole blood by standard methods (24) . Horse-heart cytochrome c (Sigma Type III) was used as purchased. Concentrations were determined spectrophotometrically from the known absorptivities (25, 26 chrome c) in parallel polarization. We estimate that the depolarization ratio exceeds 100 for the strongest bands.
Almost all the remaining bands exhibit depolarization ratios close to the normal depolarized value, 3/4 (labeled dp). Only very weak bands are found that are active in parallel but not in perpendicular polarization (labeled p).
Spectra have been obtained as well for several hemoglobin derivatives (1) and for oxidized cytochrome c (2a). Several spectral changes are observed, particularly in regard to relative intensities. Some of these differences may prove useful in probing for specific structural features (1). The overall polarization pattern remains the same for all the derivatives, however, and aids materially in correlating bands from one derivative to another.
The variation of relative intensity with exciting wavelength (excitation profile) for a number of the prominent bands of the ferrocytochrome c spectrum is presented in Fig. 2 , and compared with the visible absorption spectrum of the molecule.
DISCUSSION
Scattering Tensor Asymmetry and Anomtalous Polarization.
The usual expression for the depolarization ratio for randomly
In his classic treatment of the Raman effect, Placzek (2) considered this problem and gave the following expression for the depolarization ratio: P= (3g' + 5ga)/(10 o + 4w8) [2] where: oriented molecules is: (9): pi = 392/(45r2 + 4y) [1] where a is the isotropic part of the molecular scattering tensor*:
and 'y represents the anisotropy of the tensor:
-a,,)'] + 3(az2, + az,2 + az '2) [1 ] is valid only if the tensor is symmetric, i.e., aij = aji.
Theory predicts that the scattering tensor may become asymmetric when the exciting radiation approaches resonance with an electronic transition of the molecule (2, 10-13).
* There are, of course, as many tensors as there are scattering processes. They are properly labeled (aqi)mn, where i and j are coordinate axes in the molecular frame, and n and m are the initial and final states, respectively, of the molecule. Rayleigh scattering corresponds to m = n, and Raman scattering corresponds to m n. In the present discussion, the subscripts m and n are omitted for clarity, and it is implicit that "the scattering tensor" refers to a specific transition (normally vibrational) of the molecule. It is well known that Eq. [1] , which applies far from resonance, predicts that pi can be no higher than 3/4, the depolarized values shared by all nontotally symmetric vibrational modes, for which a = 0. For totally symmetric modes, a has a finite value and Pi ranges between 3/4 and zero. It is easy to see from Eq. [3 ] how the polarization could become anomalous (pi > 3/4) near resonance, when the tensor is not symmetric.
For nontotally symmetric modes:
Since neither ya,2 nor 7y2 can be negative, the polarization must be anomalous if the scattering tensor is asymmetric. For totally symmetric modes y7as will be zero, since off-diagonal matrix elements are zero, if the molecular symmetry is Cn,, Dn} or higher (14) . Otherwise, it is conceivable that even totally symmetric modes could exhibit anomalous polarization, the condition being that 7yas2 > 27/4 2. The phenomenon of inverse polarization, Pi = oo, requires that both a and yY be zero, while -as retains a finite value. This can only happen in the case of a nontotally symmetric vibration for which the scattering tensor is antisymmetric, i.e., atJ = -aji. Such modes are forbidden in nonresonance scattering.
Porphyrin Optical Spectra and Assignment of Vibronic
Miodes. The chromophore of both oxyhemoglobin and ferrocytochrome c is the dianion of protoporphyrin IX with a ferrous ion at its center (15) . In hemoglobin, the iron-porphyrin complex (heme) is attached to the protein only by coordination of an imidazole side chain to an axial site on the iron atom (16) . The other axial position is occupied by an oxygen molecule. In cytochrome c, the axial ligands are imidazole and methionine side chains, and, in addition, the heme is bound to the protein through thioether links at its periphery (17) . Both molecules contain low-spin iron(II) and are diamagnetic.
The optical spectra of all low-spin metalloporphyrins are similar, containing an intense absorption, called the Soret, or ,y band near 400 nm (4000 i) and a weaker pair of bands in the visible region, called Q bands, or a and ,3, in order of decreasing wavelength (15) . In molecular orbital terms (18) , these features are described as arising from two electronic transitions, both terminating in the lowest empty orbital, which is degenerate and of e. symmetry, if we assume a D4h model for the metalloporphyrin. The a transition originates in the highest filled orbital, which is of a2. symmetry, while the y transition originates in the next highest filled orbital, which is of a,. symmetry. The two transitions are both allowed by symmetry (E.), but they are strongly mixed by configuration interaction, with the y transition gaining most of the intensity. The (3 band is assigned to 0-1 vibrational components of the first electronic transition (6, 19, 20) .
According to Albrecht's development of Raman intensity theory (8) , the vibrational modes that show greatest intensity increase as resonance is approached correspond to those that provide vibronic intensity in the electronic-absorption spectrum. Fig. 2 demonstrates that the excitation profiles of the most intense bands in the ferrocytochrome c spectrum fall within the envelope of the (3 band in the electronic-absorption spectrum. Moreover, the excitation profiles shift systematically to lower frequency with decreasing vibrational frequency, and the positions of their maxima are in satisfactory agreement with vo-, (marked by arrows), calculated by adding to the frequency of the a band (voo) the frequency shift of the Raman band in question. Although these frequency shifts correspond to ground-state vibrational frequencies, little difference is expected for the excited-state vibrational frequencies of these large molecules (3) (4) (5) . It is evident that the observed Raman bands do in fact correspond to the individual vibronic components of the d band, which are not resolved in the electronic absorption spectrum.
The vibrations that are capable of mixing the two electronic transitions and borrowing intensity from the y band are of B10, B2,, and A20 symmetry (6, 20) . Accordingly, we expect to find these modes in the resonance Raman spectra of metalloporphyrins, and we should not be surprised that A,, modes, which give rise to polarized bands, are weak or absent, since Ala modes do not contribute appreciably to the vibronic intensity.
The expected polarizations of the various symmetry classes can easily be determined by reference to tables of the forms of the scattering tensors. These have been constructed for various molecular-point groups by Ovander (21) , and more recently (with corrections) by McClain (14) . In D4h symmetry, Bi, modes have az = -ay,, while B20 modes have aer = ay.; all other tensor elements being zero. Therefore, p, = 3/4 for both symmetry classes. A20, modes (inactive in nonresonance scattering) have az, = -ay,, and therefore pi = a.
We assign the inverse polarized bands in our resonance Raman spectra to A2. and the depolarized bands to B1i or B227.t
Comparison with Fluorescence Data. These assignments of the vibrational modes of the heme proteins are strengthened by comparison with fluorescence data on porphine (3) and protoporphyrin IX (7), for which vibrational assignments have been made on the basis of fluorescence polarization. In these "free-base" porphyrins, a central metal ion is replaced by two protons, and the effective molecular symmetry is lowered from D4h to D2h. The correlation of vibrational modes is as follows: Both A2. and B2g (D4h) correlate with Bj,0 (D2h) and Bi, (D4h) correlates with A,(D2h). Table 1 lists resonance Raman frequency shifts for oxyhemoglobin and (in parentheses) ferrocytochrome c, classified into inverse polarized (column 1) and depolarized (column 4) modes. For comparison, fluorescence-frequency intervals are listed for porphine and (in parentheses) for protoporphyrin IX, classified into B10 (column 2) and A, (column 3) modes. According to our assignments, the numbers in column 1 should correlate with those of column 2, while the numbers in column 4 should correlate with those in either column 2 or 3. The frequency match is highly satisfactory in view of the chemical differences among the derivatives being compared.
Most of the heme-protein modes assigned to A4 do indeed find correspondence with Bl0 modes of the free-base porphyrins. Among the depolarized Raman bands, most find correspondence with An, modes of the porphyrins, suggesting that B10 modes predominate over B2, modes in the hemeprotein spectra.
Lower Symmetry in Cytochrome c. Examination of the spectra in Fig. 1 shows that, while the bands labeled ip disappear almost completely in parallel polarization for hemoglobin, they retain appreciable intensity (notably at 1313 and 1400 cm-') in the parallel spectrum of cytochrome c, i.e., for hemoglobin the depolarization ratios of the anomalous bands have p co, while for cytochrome c these bands have 3/4 < p < co. As indicated above, the A2, modes in D4O symmetry have p = co, BiD and B2, modes have p = 3/4, and AI modes have p < 3/4. There are also E0-type Raman-active vibrational modes, and these could have anomalous polarization, since a,, $ a,. and ay1, $ ayi, all other tensor elements being zero (14) . But these modes, which must have a component in the z direction, are forbidden by symmetry from mixing the x,y polarized r-;r* porphyrin electronic transitions. Consequently, their assignment to the intense, anomalous resonance Raman bands is excluded.
There are two possibilities to account for depolarization ratios between 3/4 and co for cytochrome c. One is accidental degeneracy, with polarized or depolarized modes falling at frequencies within experimental error of inverse polarized modes. While accidental degeneracy is not uncommon in complicated molecules, it would be surprising to find it occurring for several of the cytochrome c modes but for none of the hemoglobin modes. The more likely possibility is that the effective heme symmetry of cytochrome c is lower than that of hemoglobin. For both chromophores the ideal 4-fold symmetry is broken by the arrangement of substituents on the periphery of the porphyrin ring, and by various van der Waals and ionic contacts with the polypeptide chain. In addition, the cytochrome c symmetry would be expected to be affected by its thioether links to the protein. Both electron-spin resonance (22) and polarized single-crystal absorption spectra (23) demonstrate substantial rhombic distortion for ferricytochrome c.
Lowering of the effective symmetry to, say, D2h would produce depolarization ratios less than infinity. The A20 modes in D4O symmetry correlate with B,0 in D2h symmetry, for which a. $ -ay;, (14) , and therefore 3/4 < p < co, according to Eq. [3 ] . Therefore, the retention of significant intensity for anomalous bands in the parallel spectrum of cytochrome c is consistent with the molecule having effective symmetry significantly lower than 4-fold. The observation suggests that resonance Raman depolarization ratios may provide a sensitive test for symmetry.
